ABSTRACT (Continue on reverse if necessary and identify by block number)
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INTRODUCTION
In May 1985, a multifrequency, multicoil-geometry airborne electromagnetic ( ΑΕΜ) system was used for the first time for estimating sea ice thickness, water conductivity, and water depths from about 1 to 20 m under an ice cover. The ΑΕΜ system was basically a standard geophysical exploration device used for recognizing and analyzing changes in the earth's conductivity. The technology makes use of the fact that penetration of electromagnetic waves into conductive materials is frequency-dependent, as are the return amplitude and phase spectra measured at a receiving antenna (e.g. Grant and West 1965 , Keller and Frischknecht 1966 , Kaufman and Keller 1983 . It is an airborne technology that has been used by industry for several decades for detecting and mapping conductive mineral deposits (e.g. Pemberton 1962 , Ward 1970 , Fraser 1981 .
The concept of using this technology for measuring coastal bathymetry was reviewed by Morrison and Becker (1982) and for detecting sea ice thickness by Becker et al. (1983) . The feasibility of using an ΑΕΜ system for measuring sea ice thickness perhaps originated in 1968 (Anon.) but was not pursued beyond an analytical study. However, this analysis verified that both thin and thick sea ice could be measured, though the paper cautioned that pressure ridges would pose a problem because of their three-dimensional nature. The study also mentioned the need for a system having high resolution and a very rapid response time, since many pack ice features (for example, leads and ridges) will be flown over in seconds or fractions of a second. This paper presents results of our 1985 study which determined the feasibility of using an ΑΕΜ system for profiling sea ice thickness, seawater conductivity and under-ice water depth. The field program included ΑΕΜ measurements over a second-year sea ice floe of known thickness as well as first-year sea ice of several thicknesses. Also sounded were four very long and thick second-year sea ice floebergs grounded on a shoal.
Airborne electromagnetic system
The ΑΕΜ system used in this study had four O conductors (e.g. seawater). The resulting , secondary H5 and primary magnetic fields 7 High-Conductivity Mass are sensed by the receiver coils (Fig. 3) . The distance to and conductivity of a con- Figure 3 . Magnetic fields associated with ΑΕΜ ductive medium affect the mutual coup-sensing using a horizontal coplanar (whaletail) ling ratio HS/Hp. Through the use of coil arrangement. bucking coils in the bird and system electronics, the primary field at the receiver is cancelled out, and highly precise measurements of the in-phase (IP) and quadrature (Q) components of the secondary magnetic field are made and recorded. The measurements are expressed in parts per million (ppm) of the primary field that would have been sensed by the receiver if bucking were not performed. These data, along with frequency, Tx and Rx coil spacing and orientation, and bird pitch and roll sensor data, are then used to calculate an apparent conductivity σ and bird height above the conductive surface. Since sea ice is relatively resistive and therefore transparent at the ΑΕΜ system's lower frequencies, the system senses the conductive seawater and thus determines the distance from the bird to the sea surface. Α laser profilometer system was built into the bird and used to measure the distance from the bird to the ice surface. Subtracting this distance from the distance to the seawater surface determined by the ΑΕΜ system gives the apparent ice thickness, or the snow and ice thickness where a snow cover exists.
Α radar altimeter was installed on the helicopter, and a radar elevation display was mounted in front of the pilot to help him maintain an altitude of about 65 m above the ice surface. Since the bird is suspended 30 m below the helicopter, the bird was flown about 35 m above the ice relief.
Α flight-path video recorder system was also installed on the helicopter. The camera was mounted to view the bird in flight and the terrain being overflown. This information was available for post-flight review and for real-time viewing in the helicopter.
General theory
There are a number of ways to represent the responses of a stratified earth, consisting of n layers, to an oscillating magnetic dipole elevated above the earth's surface. For the example in Figure 4 , Tx is the magnetic source dipole at height h,, Rx is the magnetic sensor at height h2 , x is the horizontal distance between the electrical center of the Tx and Rx coils, and σ, ... σ" are layer conductivities (S/m) of thickness t, ... t n. Maxwell's equations describe the behavior of the electromagnetic field as follows (for a general case):
where V. = vector divergence Vx = curl of the vector field € = relative permittivity (normally _ ει F/m) = electric field intensity (V/m) ρ f = free charge density (C/m') H = magnetic field intensity (A/m) µ = relative magnetic permeability (normally µ = = free-space magnetic permeability = 4π x 10-' H/m) ω = angular frequency = 2πf f = frequency (Hz)
A quasi-static long-wave length approximation is employed in which displacement currents are considered to be negligible in comparison with conduction currents in the model, and the free-space 
100 80 60 40 20 0 20 40 60 Θ0 Ι00 Fraser 1979.) This is valid as long as w€ « σa , where αa is the average conductivity, and the Ε of the model is on the order of 7 x 10.10 F/m. Since typical ΑΕΜ system bandwidths are less than 50 kHz and scale lengths are normally much less than the wavelength of 50-kHz radiation, the quasistatic approximation is valid for most ΑΕΜ sounding problems. Helicopter ΑΕΜ systems normally employ one or more of the three coil configurations depicted in Figure 1 . There are other coil arrangements. Α loop senses fields crossing its plane as described by Faraday's Law (eq 3) and is only sensitive to field components perpendicular to its plane. Because of this, the amplitude response of a stratified earth to a vertical electromagnetic dipole (whaletail configuration) elevated above the surface is significantly different from that of a dipole in the horizontal plane (fishtail or coaxial configuration). The primary magnetic field under the vertical coil is essentially horizontal (Fig. 5 ). This orientation provides excellent coupling to steeply dipping bodies. The primary magnetic field under a horizontal coil is essentially vertical and therefore couples well with a horizontal conductor (Fraser 1979) . Figure 6 illustrates the coupling responses of vertical (standard) coaxial and horizontal coplanar (whaletail) coil pairs as they move up to and beyond vertical and inclined conductors. Related response variations obtained with the use of a multicoil ΑΕΜ system allow for detection and an assessment of the depth and slope of a conductive body or interface. Magnetic dipoles are convenient mathematical approximations for describing the response of loop-type transmitters, and coil receivers are commonly used as sensors for the magnetic field. Maxwell's equations (eq 1-4) are now combined to form the electromagnetic wave equations in Ε and H: 
(5b)
Under the quasi-static approximation these expressions become diffusion equations:
which for a nonconducting medium reduce to Solutions to these equations can be derived in terms of potentials suited to the particular problem and then differentiated to give the behavior of the fields themselves. Examples of this process can be found in Wait (1951) . They are often expressed as coupling ratios in which the mutual coupling ΖΤ of two coils, the magnetic Tx dipole and the receiver coil, is normalized by the "free-space" coupling ratio, for the same coil configuration, as follows (Verma 1982) :
where V = voltage at receiver coil 1Tx = current in Tx coil a = effective area of coil ΗT = total magnetic field sensed by Rx coil.
For the coplanar and coaxial loops illustrated in Figure 1 , the free-space coupling ratio values are, respectively,
where a, and a2 represent the effective area of coils one and two, respectively, and x is the distance between coils.
The secondary coupling ratio Ζg is similarly defined as
where Η is the secondary magnetic field at the receiver coil, which is just the total magnetic field minus the primary free-space field:
Ζο

The secondary coupling ratio just expresses the secondary magnetic field as a function of the primary field. It is this ratio, expressed in ppm, that was determined from the ΑΕΜ profile data. Verma (1982) reviewed one approach for computing these coupling ratios and provided a convenient summary of the so-called Hankel integrals Τ0 , Τ, and Τ2 used in the calculation. These integrals are defined as follows:
0 where t = vector of layer thickness σ = vector of layer conductivity λ = spatial wave number J0, J, = zeroth-and first-order Bessel function, respectively h,, h2 = height of Tx and Rx, respectively (Fig. 4) R 0 = reflection coefficient, defined recursively by Koefoed (1972) as
where
The horizontal coplanar, vertical coplanar and vertical coaxial loop secondary coupling ratios are now, respectively
The technique reviewed by Verma (1982) and first used by Ghosh (1971) is commonly called the "linear digital filter" method. It permits the computation of rapid, stable estimates of the electromagnetic response of a layered earth model. The technique works very well and serves as an excellent basis for a general forward and inverse modeling technique. However, for our ΑΕΜ interpretation requirements, his approach represents "overkill." Α much faster method for performing the integrals (eq 12-14) was used, based on Gauss-Laguerre integration of the Hankel transforms. Gauss-Laguerre is a standard technique of numerical analysis. The integrals are performed five to ten times faster than for the shortest acceptable digital filter evaluated. Since the inversion process spends most of its time on the evaluation of the Hankel transform integrals, the inversion is also speeded up by a factor of five to ten.
The inversion method we used to analyze the ΑΕΜ data is based on a standard numerical technique of least-squares nonlinear regression with singular value truncation and damping, optimized for ice and water depth interpretation. All four frequencies (eight channels) of ΑΕΜ data are used together in the inversion process. It is a generalized and enhanced version of the Gauss-Newton and Marquardt methods (Marquardt 1963) . Consider the computed response C of a layered earth model, a known nonlinear function of the model parameter σ, t and p: C = F(σ, t,p) (19) where p represents the system parameters such as coil separation, frequencies, altitude, pitch, roll, etc. However, F can be approximately linearized by a Taylor series expansion in the model parameters σ and t. Thus, if Χ represents the desired model parameters (including perhaps both σ and t), F can be expressed as the infinite series
where Χ represents a set of parameters for the "starting model" in the inversion. With the starting model Χο "close" to the true model Χt, the series can be approximated by truncation to the first-order term
This "linearization" process is now set up in terms of the residual response ∆C = 0 -C and a parameter correction vector ∆Χ = Χ -Χ0 , where Χ0 is now the base model for this step of the inversion process, 0 is a set of observations and C = F(Χο). Then, from eq 21 we obtain
in which aF/óΧ is the Jacobian matrix Jη = λf;/λΧ^, where f;(Χ) = C;. This matrix is normally non-negative definite and cannot always be inverted, even with infinite-precision arithmetic, because of the zero eigenvalues that it may possess. To get around this problem, approximate inverses are used (Jupp and Vozoff 1957, Holladay 1980) . Briefly the matrix is decomposed into two eigenvector matrices and a set of singular values. This process is called the singular value decomposition by Lancsoz (1961) and is expressed
where J = Jacobian matrix U = data eigenvector V = parameter vector Λ = diagonal matrix of singuar values for J.
In this process, rows and columns of U and V corresponding to zero and near-zero singular values are discarded, and damping is applied to the remaining singular values as required. The damped matrix is then inverted to give a solution
which is used to correct the parameter vector Χ. Then a new forward modelF(X) is computed, a new residual ∆C is formed, and the process is repeated until
falls within acceptable limits. The starting model is fairly important to the efficiency of the process. Indeed, if the starting model is too "far" from the true solution, the process may not converge. To avoid this problem, a table was used to prepare a good starting model.
The above analysis will always allow determination of the distance from the ΑΕΜ bird to the seawater surface, provided the bird is flown within a prescribed elevation window. This elevation window is dictated by the ΑΕΜ system response, sensitivity and dynamic range, and is generally 20-50 m above the surface. Flying the bird below about 20 m may cause the electromagnetic field strength from seawater to saturate the receiver. This can be overcome by reducing the receiver sensitivity but currently not in real time. Flying the bird higher than about 50 m can cause the electromagnetic field from the seawater to be too weak to measure accurately. As an examination of the ΕΜ response equations will show, the electromagnetic bathymetry problem will not always allow for accurate inversion. There is the problem of screening by the conductive seawater and, to a much lesser extent, by conductive sea ice. As the electromagnetic wave penetrates the ice and water, it is attenuated and phase-rotated. Reflections from the water surface and from the seabed are likewise attenuated progressively by greater ice and water thickness and by flight height, should it increase. Practical limitations Figure 7 . Nomogram for obtaining representative electromagnetic skin depth vsfrequency and conductivity. (After Won 1980.) on the frequencies used in the ΑΕΜ bird therefore limit the maximum depth of water that can be interpreted at a given error level, as well as the maximum water depth at which the conductivity of the seafloor can be estimated. For practical purposes, and with error levels associated with the ΑΕΜ system used, the error is less than 5% of the water depth down to one skin depth. The probable error in water depth for the ΑΕΜ system used is ± 0.3, ± 1.0, and + 2 and -2 m for water depths of 10, 15 and 20 m, respectively. As a general estimate the error is about 10% of the seawater depth at about 1.5 skin depths for the system used.
The electromagnetic skin depth, or the depth of penetration, is mainly determined by the ΑΕΜ system frequency and the ground (seawater) conductivity. For most situations the skin depth D defines the limiting depth at which reasonable ΑΕΜ sounding estimates can be made. The electromagnetic skin depth equals ‚/2/ ωµσ = 503 ./1/αf. For seawater the sounding depth can be about 1.5 skin depths. The nomogram in Figure 7 gives the relationship between ΑΕΜ system source frequency, ground conductivity and skin depth for a wide range of materials and sounding frequencies. For seawater the skin depth is better illustrated in Figure 8 . Since Beaufort Sea water during the winter has a conductivity of about 2.5 S/m, the effective sounding depth of our ΑΕΜ system at 527.5 Hz is between about 13.5 (1 skin depth) and 21 m (1.5 skin depth). The conductivity of the surface layer of Beaufort Sea water in summer will generally be lower because of melting of the sea ice canopy. Under this condition the ΑΕΜ system sounding depth will be proportionately deeper.
With the aid of an Argand diagram ( Fig. 9 ) formulated on the basis of a given Tx-Rx coil spacing and orientation, the height of the bird above the condutive surface and the apparent conductivity of the conductive layer can be estimated. For example, if the in-phase and quadrature amplitudes at the receiver coil are 2000 and 850 ppm, respectively, then the intercept of the related lines in Figure 9 indicates that the bird is about 26 m above the conductor, or in our case the seawater, and that the response parameter is 5000. It follows that if the Tx coil was operating at a frequency of 2000 Hz, the apparent seawater conductivity would be 5000/2000 = 2.5 S/m. Through appropriate multilayer analyses as outlined above, the depth to and conductivity of multiple conductive layers can be estimated.
Normally for ΑΕΜ interpretation, three "layers" are considered in the inversion process: ice, water and bottom. The data collected in 1985 were not adequate to enable determination of ice and bottom sediment conductivity, so the parameters determined by inversion were ice thickness, water depth and water conductivity. Ice and sea bottom conductivities were empirically fixed at reasonable values based on preliminary data interpretations and on comparisons of these findings to available ground truth at specific sites. The conductivities for both the sea ice and the sediment, typically about 0.02 S/m, are very low compared to the seawater.
Α reason for reducing the number of parameters interpreted is to increase the volume of ΕΜ data "available" for estimating the snow and ice thickness. For some interpretations the seawater conductivity was fixed at 2.5 or 2.6 S/m to observe the effect on the snow and ice thickness and water depth determinations. Of the examples given in this paper, only for line 6L7 was the seawater conductivity fixed. This helped reduce noise or scatter in the interpreted snow and ice thicknesses and water depths. Fixing the seawater conductivity at a reasonable value does not affect the snow and ice thickness determination very much since the highly conductive water yields a strong ΑΕΜ response, which allows a good determination of snow and ice thickness even if the water conductivity used is not very accurate.
If system noise levels are 1 ppm, water conductivity and distance to a horizontal water surface should be estimated to about 1 Wo. Sea ice thickness should be estimated to within a few percent for thick plate or level ice. However, because the laser profiler used had an accuracy on the order of ± 10 cm, ice thickness estimates will vary accordingly.
Ice conductivity may also be estimated but only with accuracy if the high-frequency coils operate well above the 32-kHz frequency available for this study. Α 50-kHz frequency will be used in our 1987 field program. However, Liu and Becker (1987) indicated that an order of magnitude higher frequency may be needed to determine the conductivity of sea ice.
CALIBRATION OF AIRBORNE ELECTROMAGNETIC DATA
Typical ΑΕΜ systems measure the amplitude of the secondary field at the receiver as a fraction of the primary field (from the transmitter) in parts per million (ppm). The phase of the measured signal can also be shifted relative to the transmitted field. The amount of this phase shift contains as much information as the overall amplitude of the signal. However, instead of measuring the amplitude and phase of the signal, the response is usually measured as the amplitude of each of the in-phase and out-of-phase (quadrature) signals.
Calibration and phasing of an ΑΕΜ system consist of determining the size of these inphase and quadrature responses from the actual voltages measured and recorded by the data acquisition system. Calibration thus yields a factor in parts per million (of the primary field at the receiver) per volt (ppm/V), which is later multiplied by incoming survey data (in volts) to obtain the correct response in ppm.
For the Prudhoe Bay survey, phasing and external calibrations were carried out on the ground using techniques which are standard for mineral exploration surveys. Phasing ensures that the signal used as a time reference in measuring phase shift has the correct phase itself. Once calibration and phasing have been completed, factors for both the in-phase and quadrature data are determined by applying a known secondary field to the receiver and measuring the system response in volts.
However, this standard calibration technique for ΑΕΜ data is not sufficiently accurate for the more stringent requirements of ice measurement or bathymetry. Therefore, calibrations had to be performed on a more empirical basis for this theory. Initially, forward models were computed to obtain theoretical in-phase and quadrature data at sites where the ice thickness and water depth and conductivity were "known." The model data (in ppm) were then compared to the real ΕΜ data (in ppm) measured at each ground truth site. Changes to the initial calibration factors were then made to yield an improved calibration. This technique is directly comparable to the use of a "bar check" for echo sounder calibrations. However, the use of ground truth for calibration restricts the accuracy of the ΑΕΜ system results to the accuracy of the ground truth data. It also requires that ground truth be obtained on every survey, e.g. flying down a large unfrozen lead located in deep water. When a good calibration is obtained for an ΑΕΜ system in the field, it has been found to remain very consistent from day to day.
Zero levels needed in the analysis of baseline drift removal (a practice common to a wide variety of high-resolution measurement techniques) are obtained by flying the system to an altitude of up to 500 m. At this elevation, there is no measurable response from the seawater. Zero level measurements were made before and after each flight line. Drift is normally assumed to be linear with time between these zeroing measurements, although in practice some nonlinearity is sometimes evident. It is thought that this drift is caused by small changes in the temperature of certain electronic components during a survey flight.
FIELD SURVEY
The ΑΕΜ system flights were made over a variety of ice formations. These include firstyear sea ice of several thicknesses and first-and second-year pressure ridges.
Newly formed lead
To assess system response and to aid in system calibration, a flight was made down the lead shown in Figure 10 . The lead was in the process of freezing over. The near end of the lead had about 1 cm of ice cover, while the far end was still open water. For our purposes, the lead represented a smooth, conductive water surface. Indeed, the ΑΕΜ system responses indicated this by profiling a level surface over this feature. An average water conductivity of 2.8 S/m, about 10% too high, was also determined from the ΑΕΜ data.
Refrozen lead
A profile made over a uniformly thick refrozen lead with a 3-cm snow cover (Fig. 11) is shown in Figure 12 , and the data related to the profile are given in Table Al . The calibrated and drift-corrected ΑΕΜ data for this profile are given in Figure 13 . The profile in Figure 12 indicates a non-uniform lead ice thickness. This variation is not due to snow cover variations but is believed to be due to system noise and drift problems, to the poor accuracy of the laser profilometer, as previously mentioned, and to bird pitch and roll variations. The latter could not be fully accounted for in the bird pendulum data. Nevertheless, the average ice thickness Figure 13 . ΑΕΜ, laser altimeter and altitude sensor data for flight over refrozen lead (Fig. 11 and 12) . for the profile, given in Table Al , is 0.80 m. This is remarkably close to the measured ice thickness of 0.75 m. This result is extremely encouraging and was achieved after significant improvements were made to the computer program to account for system noise and bird pitch and roll. The first analysis of the data gave a lower average ice thickness of 0.65 m (Kovacs et al. 1987 ). An improved vertical accelerometer and pitch and roll sensor, a reduction of system noise and a more accurate laser profilometer should further improve the profile results. The estimated seawater conductivity σW, listed in Table Al , varied from 2.35 to 2.49 S/m. The average was 2.45 S/m, which is in very good agreement with measured values of 2.5 S/m. Again, the first analysis of the data gave an average σW of 3.0 S/m, or about 0.5 S/m higher than the measured values. The seabed was also profiled at this site. This was not anticipated and therefore no direct sounding measurements were made to verify the ΑΕΜ depth determinations. The variation in the bottom profile is not real, however, and is probably due to the factors discussed above.
Second-year floe
Α second-year ice floe was selected for ΑΕΜ profiling. The floe had a ridge extending from one side to the other. Survey lines were established on this floe by an Exxon research team. The lines were spaced 23 m apart, ran perpendicular to the ridge and were 250 m in length. We used two of these lines and ran a third line between them. This resulted in a test area 250 m long with three parallel lines about 11.5 m apart (Fig. 14) . Along each line the snow and ice thickness was measured by drilling holes at about 7.5-m intervals except at the ridge, where the spacing was about 3.75 m on lines A and B. At 30-m intervals along each line, we placed markers that could be seen from the air. Figure 15 is an aerial view, looking east, of the undulating floe relief, the ridge and the relative location of the three parallel lines. Two men can be seen standing on line A (near side of the ridge) and the person on the trail, arrow at upper right, gives a perspective of scale. The large dark object on the opposite side of the ridge is a 1.2-m-square, 2.2-m-high plastic building. The snow and ice station thickness measured along each survey line is given in Table 1 and is shown graphically in Figure 16 along with the average snow and ice thickness for all three lines. The cross section of the ridge between stations 13 and 19 for each survey line is given in Figure 17 . The cross sections show that the ridge sail is just under 2 m high, the deepest part of the keel is offset from the center of the sail, the keel depth and geometry are different for each line, and the snow cover is thickest in the area of the ridge, which acts as a "snow fence." The snow and ice thickness profiles (Fig. 16) show, as expected, that variations in thickness exist between the profiles at the same station locations. Again, the thickest snow and ice was located at the ridge, which is situated between stations 15 and 17. The average snow and ice thickness for profiles A, B and C was 3.56, 3.58 and 3.74 m, respectively, for an overall average of 3.62 m.
The original intent was to fly the ΑΕΜ bird down each survey line and note each ice surface station location on the data file as the bird passed over the marker. Then a comparison of the ΑΕΜ ice thickness data to the drill hole data was to be made. This was not possible for reasons given below. Flights were made from west to east, nearly into the prevailing wind. The first flight pass quickly revealed that it would be extremely difficult to fly the bird, suspended 30 m below the helicopter, down such an exact linear course. Given this difficulty, an effort was made to fly the bird as close as possible down the center line of the three-line track.
The snow and ice thickness as obtained from two passes, flights 6L3 and 6L4, with the 16-kHz coil in the bird as shown in Figure 18 . The thickness for three passes with the 32-kHz coil, flights 8L2, 8L3 and 8L4, is shown in Figure 19 . The data associated with each flight are listed in Tables Α3 -Α7 . Flight 6L4 was made at the lowest flight speed, during which 51 thickness measurements were made down the 250-m track. This was followed by flight 8L2, during which 34 thickness measurements were made. Flights 6L3, 8L3 and 8L4 were made at about the same speed, during which 26, 26 and 28 thickness measurements, respectively, were made.
Snow and ice thickness profiles from flights 6L4 and 8L2 ( Fig. 18b and 19) show a waviness not at all characteristic of the measured thickness. During these two slow runs the bird was not stable. It moved from one side of the flight path to the other. The nose of the bird would turn slowly left and then move beneath the helicopter to the left side; then the nose would swing right, and the bird would slide to the right like a pendulum. This movement could not be fully accounted for in the analysis of the data and is believed to be the cause of the undulations in the snow and ice thickness profile. The profiles obtained at the higher speed are more representative of the average measured snow and ice thickness profile in Figure 16 in that there is a gradual thickening of the ice in the area of the ridge. Nevertheless, the ΑΕΜ profiles do not clearly reveal the ridge nor do they show the maximum ice thickness measured by drilling.
The ΑΕΜ data do not show the thick ridge ice because of the large footprint and therefore the surface area over which the water surface was integrated into each ΑΕΜ distance determination. Remember, the ΑΕΜ system determines the distance from the bird to the water surface, which has depressions in it caused by ice bottom relief variations. Our preliminary assessment is that the ΑΕΜ system footprint diameter is about 1.25 times the bird's height. This was determined by averaging the drill-hole-measured snow and ice thickness data over a window until the average thickness agreed with the ΑΕΜ ice thickness interpretation at the center of the window. This footprint size has recently been verified by Α. Becker and G. Liu,* who made an analysis similar to ours and obtained comparable results. Liu and Becker also made a worst-case assessment based on the expected current density on a flat, perfectly conducting, seawater interface, and then determined the relative area that would account for 90% of the observed secondary magnetic field. Their conclusion was that the footprint of an ΑΕΜ system is about 1.4 times the bird height for a horizontal double-dipole coil system (with vertical coils). Therefore, the ΑΕΜ distance to the ice/water interface is averaged over a relatively large area of undulating sea surface relief. This effect smooths out the snow and ice thickness variations in the drill-hole-measured thickness profile (Fig. 16) .
Smoothing the snow and ice relief by the ΑΕΜ system would clearly be of concern to those interested in detecting and measuring pressure ridge cross sections and depths. Nevertheless, this does not weaken the case for ΑΕΜ measurement of snow and ice thickness. According to Becker and Liu, "it only strengthens the case for developing better methods of data interpretation." However, for measuring the mean snow and ice thickness of the arctic pack ice, ΑΕΜ profiling should prove very useful. This may be examined in Table 1 , which lists the average snow and ice thickness for each of the five flights down the track on the second-year ice floe, as well as the average seawater conductivity. The drill-hole measurements gave an average snow and ice thickness of 3.62 m for the three survey lines. The highest average ΑΕΜ snow and ice thickness, 4.07 m, is for flight 8L2 and the lowest, 3.07 m, is for flight 8L3. These values are 12.4% higher and 15.2% lower than the average directly measured * Personal communication, University of California at Berkeley. value. From this analysis, the ΑΕΜ system provided a representative mean snow and ice thickness to within about 15% of that measured by direct drilling. Other factors may have affected the results. The difficulty of flying the ΑΕΜ bird down the center of the track for which representative snow and ice thickness data existed was certainly one. Another problem is the three-dimensional form of the ice features. The 106 drillhole measurements made along the track may not have been sufficient to fully define the mean ice thickness, and the algorithms used to interpret the ΑΕΜ data were not refined enough to handle 3-D ice features (water depressions). The inversion technique is being improved, and the bird coil arrangement will be changed to allow better detectability and definition of the ridge keel/seawater interface.
The average seawater conductivities listed in Table 1 were in good agreement with the measured value of 2.5 S/m.
Grounded floeberg
In the early winter of 1983 a severe storm, with winds out of the southwest, hit the Beaufort Sea coast in the area of Prudhoe Bay, Alaska. The high winds broke up the sea ice over much of the continental shelf and drove this ice and the offshore pack ice westward. During this event, four deep-keeled "multi-year" ice floes became grounded on Cat Shoals. Sea ice floes driven against these anchor points failed. At first the ice piled on top of the grounded ice floes, adding weight and increasing their sliding resistance. The ice continued to break for some time. The ice rubble increased in height and then began to grow upwind. When the storm had driven the last of the first-year ice out to sea, four very 70°40' large grounded ice formations remained. These features were about 0.5 to 0.75 km long and up to 100 m wide. The location of these formations on Cat Shoals, as determined by global navigation, is given in Figure 20 . The bathymetric high points on Cat Shoals are typically less than 10 m below the surface, but shoaling to 8 m at one location is shown on 700351_ one bathymetric chart of the area. Ice formation D seems to be grounded in waters deeper than 12 m, while formations A-C appear to have initiated at a grounding point in water 12 m or less in depth. The water depths at the southwest ends of formations A-D were measured by lead line and found to be 11.5, 11.6, 12.5 and 12.5 m, respectively. The two largest formations were B and C. These features each had an ice ridge over 15 m high (Fig. 21) . Higher grounded sea ice rubble formations do occur. One that formed on a shoal about 23 km north of Oliktok Point was 22 m high (Fig. 22) .
The four grounded ice formations on Cat Shoals did not break up or lose much ice by calving during the 1984 summer. Figure 23 shows the An ΑΕΜ sounding run was made down each of the floebergs. The snow and ice thickness and under-ice water depth profiles for floeberg Α were presented in Kovacs et al. (1987) . Here we give ΑΕΜ sounding results for floeberg C. The flight down floeberg C was made by lining up with the high point on the floeberg. This path would be nearly that along line 4. The ΑΕΜ snow and ice thickness and under-ice water depth profiles are shown in Figure 28 , and the tabulated data are given in Table Α8 along with bird pitch, roll and flight elevation and seawater conductivity. The ΑΕΜ results indicate there is an average of 4.8 m of water under the floeberg. This is not possible since the floeberg is solidly grounded on the shoal. The cause of this ambiguity is believed to be the existence of seawater within the submerged ice keel block structure. This is not unreasonable. The ΑΕΜ system, because of the large footprint, may also have sensed the seawater off to the side of the floeberg. In addition, because the floeberg is three-dimensional, the layered model used in the data analysis may not have been adequate to define this imperfect transition between the ice block, the water and the seabed. Further refinement of the ΑΕΜ data interpretation technique is progressing. Α better solution to this apparent definition problem is anticipated. At about fiducial (fid.) no. 5760, the seawater depth was measured by lead line to be 12.5 m. The ΑΕΜ data indicate about 11.7 m of water under the ice between fid. no. 5759 and 5761. The ΑΕΜ snow and ice thickness was 1.5 m vs 1.62 m of ice and 0.2 m of snow measured by drilling. If the ΑΕΜ snow and ice thickness includes 0.1 m of freeboard, then the ΑΕΜ water depth at fid. no. 5760 is about 1.4 + 11.7 = 13.1 m. This relative depth is within 10% of the measured value.
The airphoto-determined topography for lines 3, 4 and 5 (Fig. 25) is shown in Figure 29 . These lines represent the corridor down which the ΑΕΜ bird was flown. Note that the areas of rough topography indicated by letters and numbers in Figure 29 agree with similar peaks in Figure 28 . The airphoto analysis gives an average snow and ice elevation for the three lines of 5.0 m. If we assume the floeberg is grounded in an average water depth of 11 m, then the ice keel should also be this deep. The average floeberg snow and ice thickness is then about 5.0 + 11 = 16 m. The ΑΕΜ data give an average floeberg snow and ice thickness of 12.4 m between fid. no. 5771 and 5840 and an average "water depth" of 4.8 m. For reasons previously discussed, the 4.8 m of water most likely represents seawater among the ice block keel structure, which is in contact with the seabed. This is further indicated by the very low conductivity for the "seawater" zone under the floeberg (Table Α8 ). In short, the ice block and seawater conglomeration has affected the electromagnetic response, reducing the apparent conductivity below that of seawater but increasing the conductivity far above that of sea ice.
Since the water depth under the floeberg is essentially zero, the conductivity of the sediments forming the shoal takes on some importance. This is true in any area of very shallow water. Under this condition the sediments contribute significantly to the observed ΕΜ response. If the water is deeper than 1 skin depth, the sediments will have very little effect. However, for both floebergs and first-year pressure ridges, there is usually some water among the ice blocks. This conductive water will have an effect on the ΑΕΜ response. In the absence of ground truth information on sediment conductivity, a fixed value was assumed, as discussed earlier.
In any event, if the average 4.8 m of "water" under the floeberg represents a porous ice block keel structure, the average ΑΕΜ floeberg snow and ice thickness is 4.8 + 12.4 = 17.2 m. This is 1.2 m thicker than the relative snow and ice thickness estimated with the use of the airphoto topographic results and assumed shoal depth.
Obviously a number of assumptions were made to generate the above averages. Nonetheless, the exercise is useful because it points up the need for further trials, improved data in- terpretation techniques and extensive ground truth measurements. For many situations the collection of ground truth will not be a significant problem. However, for ice features such as the floebergs, detailed ice thickness and water depth measurements would be extremely time consuming and prohibitively expensive. Under this situation certain approximations, such as those above, will have to suffice in assessing the profiling capability of the ΑΕΜ system. Flight line 6L7 began in shallow near-shore water and extended northwestward over the fast ice into deeper water. The location of a portion of this flight track is shown in Figure 20 . Sandpiper and North Star islands are man-made gravel exploration islands. Sandpiper Island was built in 14.9 m of water and North Star in 13.7 m. To the southeast of Sandpiper Island the flight line passed another man-made structure, Seal Island, built in 11.9 m of water. Our flight line ran off the north side of the islands, where the water was about 0.5 m deeper. The relative water depths off Seal, Sandpiper and North Star islands were about 12.5, 14 and 15.5 m, respectively.
The ΑΕΜ snow and ice thickness and under-ice water depth along track 6L7 are graphically presented in Figure 30 . The nonpressured snow and ice thickness is seen to vary but averages 1.89 m thick between Seal and Sandpiper islands. The variations in the snow and ice relief are due to real snow and ice thickness variations as well as to system noise and drift problems and low laser accuracy. Nevertheless, the average ΑΕΜ snow and ice thickness is in reasonable agreement with six drill hole measurements, which averaged 1.74 m.
The shoaling of the seabed at the location of the man-made islands (Fig. 30) is apparently due to the ΑΕΜ system sensing the submerged slope of the gravel islands. The average under-ice water depth determined by ΑΕΜ off Seal, Sandpiper and North Star islands was about 11.75, 13.25 and 14 m, respectively. Adding the average ΑΕΜ snow and ice thickness (minus the freeboard) of about 1.75 m to these under-ice water depths gives relative water depths at each island of about 13.5, 15 and 15.75 m, respectively. Compared to the relative values given above, the ΑΕΜ data overestimated the apparent water depth but by under 10%. This will be further evaluated in our next field program.
CONCLUDING REMARKS
The May 1985 field program was undertaken to determine the feasibility of using a multifrequency airborne electromagnetic sounding system for measuring ice thickness. Funding and time constraints necessitated the use of a "standard" geophysical survey system and programs not fully developed for data interpretation. Nevertheless, the results proved encouraging in that reasonable measurements were made of both thick and thin first-year sea ice as well as second-year ice of varying thicknesses. No other remote measurement system has demonstrated the capability of profiling such a variety of ice types and thicknesses. In addition to profiling sea ice thickness, information was obtained, for the first time from a remote sensor, on seawater conductivity and the depth of water under a sea ice cover.
For the next field program the ΑΕΜ system is undergoing a major redesign. Α new bird shell has been fabricated of Kevlar fabric. This shell will be about 0.35 m in diameter and 3.5 m long. The reduced shell size, along with new coil and electronic mounting platforms inside the bird and lighter coils, should reduce the weight of the bird to about half that of the bird used in 1985. The smaller bird will not only reduce shipping costs of the ΑΕΜ system to remote areas but more importantly is a major first step to downsize the bird for deployment from a fixed-wing aircraft.
The new bird will have coils positioned to better define ice keels and their depth. Coil frequencies will be about 0.8, 4.5, and 50 or 60 kHz. The 0.8-kHz data should allow for profiling water depth to at least 10 m, and the 4.5-kHz data should provide water conductivity information. The high-frequency data will be used to obtain sea ice conductivity. Theoretical modeling indicates that resolution of sea ice conductivity to better than 0.1 S/m may be possible when sounding at 50 kHz, and there is a 1-ppm system precision. If the above sea ice conductivity determination proves successful, it would, in principle, be possible to determine the bulk porosity of the sea ice and infer its strength based upon the work of Kovacs et al. (1987) . Reduction of system noise and drift are of paramount importance to the achievement of the desired level of precision in sea ice conductivity measurement.
Techniques for reducing system noise and drift have been investigated, and acceptable solutions will be implemented in the new ΑΕΜ sea ice thickness measurement system. The dynamic range of the system will be increased about 32 times over that in the 1985 survey system. This increase will be achieved through the use of a 16-bit data acquisition system with a 20-V digitization window. Improvements to the calibration technique will be implemented and will include a new unique built-in absolute phasing and calibration technique. Calibration methods which can be applied at the postprocessing phase of data interpretation have also been developed, because standard airborne electromagnetic calibration techniques used for mineral exploration proved inadequate for sea ice thickness measurement. These changes should provide the first truly absolute measurements ever collected with an ΑΕΜ system and include the capability to deal with negative, missing and saturated data, as well as the ability to recognize the best possible interpretation of the data.
Α Micro VAX II computer has been obtained for the 1987 field study. This unit should vastly improve the speed of data interpretation. We expect a processing time of about 1 second per data point. An array processor for the computer is being considered for the future, and this addition should increase processing to at least 20 data points per second.
The 1985 ΑΕΜ system had a sampling rate of 10 data points per second. The new ice measurement system should have a sampling rate of 20 data points per second. This rate provides for an ice thickness measurement about every 2.5 m at a flight speed of 100 knots. Therefore, with an array processor it should be possible for the computer to interpret ΑΕΜ sea ice thickness data in real time when the data are collected at a sampling rate of 20 per second.
Future plans include shortening the ΑΕΜ bird further to allow it to be deployable by an existing fixed-wing aircraft launcher system, using a digital receiver to replace the current analog signal processing system, developing a bird that generates a wideband time-domain signal, rather than the discrete continuous-wave coils now used, and including a global satellite positioning system to provide highly accurate flight track location information. 
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